Recent developments in the preparation of inorganic and inorganicorganic hybrid materials from inorganic layered compounds are reviewed. The focus is placed on three topics: preparation of new ion-exchangeable layered perovskites and a tungstic acid from Aurivillius phases via selective leaching of bismuth oxide sheets; grafting reactions for the preparation of two-dimensional inorganicorganic hybrids; and conversion of two-dimensional inorganicorganic hybrids into inorganic compounds.
Introduction
Inorganic materials can be prepared using a variety of approaches. Among these, chemical processes, which are typical bottom-up processes, have been developed extensively in recent years. It should be noted that chemical processes are ideal for preparation of nanomaterials, such as nanoparticles, nanofibers, and nanosheets. Typical examples include the solgel process and the chimie douce process. Chemical processes also play a major role in preparation of inorganicorganic hybrids.
It is known that some inorganic layered compounds can accommodate guest species, ions and molecules, to form intercalation compounds. 1) 3) Naturally occurring clay minerals, such as montmorillonite and kaolinite, are typical host compounds and have been extensively utilized.
3),4) Another typical naturally occurring host is graphite, which exhibits staging behavior. 1),5) On the other hand, it is also possible to utilize synthetic compounds as intercalation hosts. Metal chalcogenides, including MX 2 -type and MPX 3 -type compounds, have been known as host compounds in the intercalation research field for decades. 6 ),7) Intercalation reactions of metal oxyhalides, such as FeOCl, have also been developed.
2) Zirconium phosphates and other metal phosphates form a large family of host compounds for intercalation. In terms of layered transition metal oxides, different types of layered titanates and niobates have been utilized extensively.
3), 10) Another family of transition metal oxide hosts is ion-exchangeable layered perovskites.
11)
For intercalation of cations, various cation-exchangeable layered compounds possessing interlayer cations, such as montmorillonite, have been employed extensively. 3) In terms of anion accommodation, on the contrary, the number of available hosts is extremely limited, and LDHs have mainly been utilized. 8),9) In terms of molecules, a variety of interactions, such as ion-dipole interactions, acid-base interactions, and hydrogen bond formation, can be employed. 3) These intercalation reactions of inorganic layered compounds have been extended to exfoliation by appropriate combinations of host and guest species as well as by development of preparation techniques.
12)14) Colloidal suspensions of nanosheets can be utilized in various applications, including film formation and nanosheet/polymer hybrids. Attention to nanosheets has been greatly increased lately through the discovery of graphene nanosheets. 15) Another type of reactions for preparation of inorganicorganic hybrids from inorganic layered compounds is grafting reactions.
16) The first example was trimethylsilylation of magadiite, a layered silicic acid, and was reported in 1980. 17) By this reaction, trimethylsilyl groups [(CH 3 ) 3 Si-] were covalently bound to inorganic silicate layers. Another typical host compound is FeOCl, which reacts with alcohols and alkali metal alkoxides. FeCl bonds are replaced with FeOR bonds through grafting reactions. 2) This review describes our recent studies on chemical processes employing inorganic layered compounds for preparation of inorganic and inorganicorganic hybrid materials. This review focuses on three topics: 1) preparation of new ion-exchangeable layered perovskites and a tungstic acid from Aurivillius phases via selective leaching of bismuth oxide sheets; 2) grafting reactions for the preparation of two-dimensional inorganicorganic hybrids; and 3) conversion of two-dimensional inorganicorganic hybrids into inorganic compounds. cuprates 19) and Aurivillius phases. 20) Some compounds among these are capable of intercalation, and well-known host compounds are superconducting cuprates. 21) Other well-known host compounds are ion-exchangeable layered perovskites, which consist of perovskite-like layers and interlayer exchangeable cations. (Fig. 1) . Interlayer cations can be easily exchanged with both inorganic and organic cations, and it is also possible to exchange interlayer cations with protons to obtain their protonated forms. Examples of these compounds (as triple-layered compounds) are shown in Fig. 1 . It should be noted that the change in the XRD pattern upon acid treatment was reported previously, 29) but it was not interpreted adequately. It is known that two stacking sequences are frequently observed among ionexchangeable layered perovskites, a stacking sequence without displacement (P-type) and a stacking sequence with a relative displacement by (a + b)/2 (I-type). TEM observation clearly revealed that both stacking sequences were present in the protonated form (Fig. 3) . When an a/b axis-oriented Bi 2 SrTa 2 O 9 film was acid-treated, the protonated form was obtained by selective leaching of bismuth oxide sheets in a fashion similar to that of powders, leaving the perovskite layers on the substrate.
30)
The third example is conversion of Bi 2 W 2 O 9 , an A-site deficient Aurivillius phase. 31 ),32) The resulting product was a double-layered tungstic acid, H 2 W 2 O 9 ·xH 2 O. In the previous conversion examples, essentially no change in lateral dimensions was observed. In this conversion, on the contrary, both the a and b parameters changed upon acid treatment, in addition to a change in the lattice parameter in the stacking direction, c.
32) The flexibility of the structure due to the absence of A-site ions is likely to be the reason for this structural change caused by the selective leaching of bismuth oxide sheets. It should be noted that a layered tungstic acid can be prepared by acidification of a sodium tungstate aqueous solution, but only single-layered H 2 12 , led, for example, to changes in band structures, which affected their photocatalytic activity: photocatalytic activity appeared after acid treatment, as shown in Fig. 4 . 37) Another example is photoluminescence (PL): PL intensity drastically increased upon acid treatment of Bi 2 SrTa 2 O 9 , and PL intensity increased further after exfoliation. 38) The obtained protonated forms can accommodate n-alkylamines 23),25),39) and ¡, ½-diaminoalkanes 40) in the interlayer space. 41) and we clarified that intercalation reactions for H 2 [La 2 Ti 3 O 10 ] appeared to be possible only via ion-exchange of protons with n-alkylammonium ions. 42) Intercalation of nalkylamines of the protonated forms can be achieved in heptane, indicating that intercalation via an acid-base mechanism proceeds despite their relatively high proton contents.
Grafting reactions for the preparation of two-dimensional inorganic-organic hybrids
As described in the introductory remarks, grafting reactions can produce inorganic layers which are covered by organic groups bound to inorganic layers via covalent bonds.
16) The major limitation is the number of layered compounds capable of these grafting reactions.
We found that protonated forms of ion-exchangeable layered perovskites can undergo grafting reactions. 43) We first investigated reactions between n-alcohols and HLaNb 2 O 7 ·xH 2 O (HLaNb), which can be prepared by acid treatment of a corresponding alkali metal form of double-layered Dion-Jacobson phases, MLaNb 2 O 7 (M: alkali metal), as shown in Fig. 2 . These reactions were once reported as intercalation reactions, 44) but our solid-state 2 H NMR study of the product of the reaction involving CD 3 OH clearly revealed that the CD 3 O-groups were bound to the [LaNb 2 O 7 ] layer via covalent bonds. In addition to direct reactions, alcohol-exchange-type reactions can be utilized for larger n-alcohols. 45) These alcohol-exchange-type reactions required a small amount of water, suggesting that the reactions proceeded via a hydrolysis-reesterification mechanism. In addition to n-alcohols, branched alcohols can also be grafted via alcohol-exchange-type reactions. This type of reaction was not completed when bulky alcohols, such as tert-butyl alcohol, were employed. 48) Another example is a grafting reaction of one of the carboxylic acids, trifluoroacetic acid (CF 3 COOH). The reaction between the n-propoxy derivative of HLaNb and trifluoroacetic acid resulted in the formation of a trifluoroacetate derivative.
49) The trifluoroacetate group has both a hydrophilic carbonyl group and a hydrophobic trifluoromethyl group, so that the interlayer space of the resulting trifluoroacetate derivative can be either hydrophobic or hydrophilic. Its water adsorption behavior clearly showed that it was extremely hydrophilic; water molecules were easily adsorbed in the interlayer space.
The final example of a grafting reaction is interlayer surface modification of HLaNb with organophosphonic acids, phenylphosphonic acid and n-alkylphosphonic acids. 50) Organophosphonic acids can be successfully grafted by using the n-decoxy derivative of HLaNb as an intermediate. The environment of the organophosphonic acid moieties was monodentate, indicating that one phosphoryl group and one POH group were still present.
This type of reaction can be applied to preparation of functional materials. It was reported that a Li-doped organic derivative of zirconium phosphate with oxyethylene chains exhibited Li + ion conductivity. 51) We thus grafted molecules bearing both an OH group and oxyethylene chains, CH 3 (OCH 2 CH 2 ) n OH (n = 2, 3), to HLaNb via alcohol-exchange-type reactions. The resulting CH 3 (OCH 2 CH 2 ) n O-derivatives (n = 2, 3) were further reacted with LiClO 4 dissolved in corresponding CH 3 (OCH 2 CH 2 ) n OH for Li-doping. The Raman spectra clearly showed that ClO 4 ¹ ions were isolated, implying that the Li + ions were coordinated by ether oxygen atoms. The Li + ion conductivity values at 20°C were 2.42 © 10 ¹6 (n = 2) and 2.71 © 10 ¹6 (n = 3) S cm
¹1
. Grafted organic compounds can be carbonized to prepare a new material with carbon present in the interlayer space. A D-glucopyranose derivative of HLaNb was prepared from its n-decoxy derivative via an alcohol-exchange-type reaction, and subsequent heat treatment at 300°C under Ar resulted in the formation of carbon-intercalated HLaNb. It was revealed that the presence of carbon significantly affected the band structure, leading to a much smaller band gap (0.65 eV). 52) Another strategy for achieving functional materials is the use of n-decoxy derivatives of Dion-Jacobson phases as two-dimensional giant alkoxides.
53) The n-decoxy derivative (that of either HLaNb or HCaNb), tetramethoxysilane (TMOS), and SiOHterminated PDMS were co-hydrolyzed using an acid catalyst. In addition to polysiloxane formation, exfoliation proceeded to produce nanosheet-dispersed inorganicorganic hybrids. It was revealed that NbOSi bonds formed, indicating that the NbO C bonds were replaced with the NbOSi bonds during the reactions. The co-hydrolysis of the n-decoxy derivative of HCaNb and TMOS also proceeded, and exfoliation was achieved during the drying process of the resulting gel.
54) Scheme 1 summarizes the grafting reactions of HLaNb.
As described in the introductory remarks, FeOCl has been utilized as a typical host for grafting reactions.
2) Since the structure of TiOCl is very close to that of FeOCl, reactions similar to those of FeOCl are expected. We thus reported the first example of organic derivatization for TiOCl. 55) TiOCl and lithium ethoxide were reacted, and the grafting of ethoxy groups was demonstrated by the expansion of the interlayer distance as well Potassium hexaniobate, K 4 Nb 6 O 17 ·3H 2 O, another inorganic layered compound, is attracting particular interest because of its unique structure: every other interlayer is hydrated, and a difference in the reactivity for intercalation has been recognized between the hydrated interlayer and the anhydrous interlayer. 10) By using this difference in reactivity, the preparation of two types of intercalation compounds, A-type intercalation compounds where guest species are present in every other interlayer and Btype intercalation compounds whose interlayers are completely occupied by guest species, has been achieved. 56) It is possible to prepare two types of oraganophosphonate derivatives by using these two types of intercalation compounds as intermediates. 57) Interestingly, upon ultrasonication in acetonitrile, single-and double-layered nanosheets were successfully obtained. These two types of nanosheets can be dispersed in epoxy resin to produce highly transparent hybrid films.
Conversion of two-dimensional inorganic-organic hybrids into inorganic compounds
In section 2, the conversions of three-dimensional structures into two-dimensional structures are described. It is thus likely that three-dimensional structures can be prepared from twodimensional structures. Multiple examples have been reported so far, including conversion of ion-exchangeable layered perovskites into three-dimensional perovskites by condensation of layers 58) and into an Aurivillius phase and new intergrowths by construction of metal-non-metal arrays between layers. 18),59), 60) Also in section 2, the preparation of a double-layered tungstic acid, H 2 W 2 O 9 ·xH 2 O, from Bi 2 W 2 O 9 is described.
32) The conversion of H 2 W 2 O 9 ·xH 2 O into WO 3 was thus attempted in expectation of WO 3 with a unique morphology (Scheme 2). The reaction between H 2 W 2 O 9 ·xH 2 O and n-octylamine resulted in a dissolution-recrystallization process, and an intercalation compound between n-octylamine and the single-layered tungstic acid, H 2 WO 4 ·xH 2 O, was precipitated. 61) Acid treatment and heat treatment at 450°C led to the formation of WO 3 nanoplates with a very high specific surface area (180 m 2 g ¹1 ).
62) The WO 3 nanoplates exhibited very high photocatalytic activity for oxygen generation from water. Another example of this type of conversion was the formation of £-Fe 2 O 3 , a metastable phase, from FeOCl via the formation of an n-pentoxy derivative (Scheme 3).
63) The first step was a grafting reaction involving FeOCl and sodium n-pentoxide, and its formation was clearly demonstrated by XRD. Further reaction resulted in the condensation of layers, leading to an oriented transformation into £-Fe 2 O 3 instead of thermodynamically stable ¡-Fe 2 O 3 . The particles are divided into thin sheets by NaCl formation, and a portion of the sheets was converted into highly oriented polycrystalline £-Fe 2 O 3 with improved crystallinity, as evidenced by its TEM image and SAED pattern. The SAED clearly showed that an oriented transformation with a crystallographic relationship of FeOCl (010)//£-Fe 2 O 3 (110) occurred.
Conclusions and future outlook
Our recent activities concerning the use of inorganic layered compounds for inorganic and inorganicorganic hybrid materials have been demonstrated. The use of inorganic layered compounds enables us to prepare a variety of new compounds and inorganicorganic hybrids containing nanosheets. Since emphasis has been placed on nanomaterials, it is expected that the numbers of nanosheet-based ceramic and inorganicorganic hybrid materials will grow in the near future. Basic and applied research on nanosheets will thus become more important in ceramic science and technology.
